INTRODUCTION
Biological scientists function in an increasingly data rich environment. With the rapid advancements in molecular biology, particularly at the level of characterizing large sets of gene products, the roles of factors influencing cellular gene expression and regulation will become increasingly important. The teratogenic drug thalidomide is an excellent example of this level of complexity. Depending on the dose, carrier and cell lines tested, various changes in lipopolysaccharide (LPS) induced tumor necrosis factoralpha (TNF-alpha) gene regulation have been reported. These include inhibition (1,2,3,4,) , as well as ____________________________________________ jmsorace@ ix.netcom.com upregulation_ (5) . Another example can be found in the use of cellular cytotoxicity data and cellular activity data to search for candidate anticancer drugs as outlined in a recent publication (6) . In this strategy the cytotoxicity profile of several thousand compounds in 60 cell lines was compared against a panel of 113 biochemical properties of the cell lines. This allowed previously unrecognized relationships between drug sensitivity and cellular biochemical activities to be established. An improved information infrastructure will be required to manage the experimental data that is beginning to be produced in these settings.
A necessary prerequisite for any type of enterprise-wide information system implementation, is the development of detailed specifications and data models that determine what information is to be stored and what types of queries the database will support. The importance of this early phase of planning cannot be overemphasized. If useful information is not entered, or if it is poorly stored, the ability of the system to support user needs, will be compromised. Difficulties in querying the current biological databases have already been noted as a concern of the biotechnology and pharmaceutical industries (7) . In this paper, we describe the Cellular Response Database (CRD;http:// 130.85.105.176:8080/assaydb/). The purpose of this database and its associated web site is to develop the prototype database and collaborative research tools required to store and retrieve the functional data outlined above. The database is unique in that it treats the cell population, the target gene of interest, and the agents influencing gene expression equally, allowing querying on traits of any of these entities. This is important as genetic responses can vary widely depending on cell type, state of differentiation, and on the biological agent.
METHODS
This project required three distinct phases of development. First, it was necessary to conceptually model Three types of biological entities are involved, the test cell population, the target gene/protein whose activity is assayed, and agents that are tested to see if they alter the target gene's expression or activity. These agents include protein molecules such as cytokines, sterol hormones or drugs. Their common property is that, at a specific time point in the experiment, the investigator adds them at a predetermined concentration. It must be remembered that various combinations of agents may be used within any experiment, and that dose response and kinetic data may be presented.
However, appropriate experimental design allows comparisons between two groups of test cells that differ only by treatment with one agent. In figure 1 , this is shown with a bold arrow and it represents the test agent. In the thalidomide example noted above, LPS is present in both the experimental and control groups. Thalidomide is present only in the experimental group and is defined as the test agent. In other experimental designs, in addition to the test agent, a control agent must also be defined. In figure 1 , this is shown with a dashed arrow. The control agent is added only to the control population of cells. In the thalidomide example noted above, a biologically inert thalidomide analog can be used as a control agent. In antisense experiments, the control agent may be an oligonucleotide with different sequence that is identical in composition to the test agent. Alternatively, if the test agent is an antibody, it would be an antibody of the same isotype with differing specificity. An experiment must always have one test agent. However, it may have several other agents, one of which may be a control agent. Table 1 gives several examples of how this notation is used.
The next phase of development consisted of several rounds of data modeling based on the experimental model discussed above. This resulted in the relational database schema presented in figure 2. This schema enables queries to be performed on test cell populations, the target protein, and the agents that are being tested. We have attempted to store important information associated with each of the experimental entities. For example, the target cell population may be a cell line (cloned or polyclonal), or primary culture (e.g. murine peritoneal exudate cells). The data model also supports searching by species, cell name, cell type, ATCC number, or organ of origin. Additional relevant data such as cellular concentration or culture conditions can be stored in a memo field in the database, or linked information in an electronic manuscript. Secondly, the gene/ protein target can be referenced by name, species or GenBank number thus linking the target gene of interest to current sequence databases. The gene/protein target may be detected experimentally in several ways. In the thalidomide examples noted above this has included enzyme linked immunosorbent assay (ELISA) measurements of protein target (TNF-alpha), Northern blot measurement of the mRNA, or bioassay (L929 cell cytotoxicity). This broad range of possible detection systems, and the lack of numerical quantitation of many of them (e.g. bands on a Northern blot), is one of the major challenges for the database designer. In our implementation, we have adopted several approaches. First, a qualitative description of the change is entered (table 2) along with the type of detection assay used (ELISA, cytotoxicity, Northern blotting). Secondly, quantitative values and their units can also be defined and entered.
In some cases, assays may be run in which a specific gene/protein target is not measured, but a general biological property is. For example, considerable public domain data exist on the growth inhibition of tumor cell lines (6) . The CRD can handle this type of data without modification by defining the gene/protein target as "none" (a null default value), and the assay type as GI50 (for growth inhibition 50%). Finally, a figure and caption can be linked. Also, as noted above, additional information can be stored in text fields or obtained if necessary by linking to a manuscript. Next, a Microsoft Access database has been developed and populated with data derived from several literature references. Several queries of this database are accessible through a CGI interface.
RESULTS OF TRIAL QUERIES
In order to demonstrate the utility of the data model, data from several of the thalidomide references noted above (1,2), and from a set of studies describing a family of interferon (IFN) induced GTPase like molecules (8,9,10), have been entered into the prototype CRD. The GTPase family currently consists of four published sequences, which show significant sequence homology with one another (8, 9, 10, 11, 12) . Their expression is known to be modulated by a wide variety of agents including LPS, and IFNs. For some members of this family, patterns of inhibition or lack of induction by cytokines or drugs have also been reported. Based on these data, we have developed several queries that include: The database stores the qualitative interpretation of the response pattern in the Assay Table. In addition, numerical data can also be stored by the database.
1. Find the pattern(s) of response and manuscript reference for a given test agent. An example of this query, using thalidomide as the test agent, is shown in table 3, Panel A. Source data can be found in figure 2 and table 1 of reference 1, and figure 2 of reference 2. 4. List all other agents which have been assayed in combination with a given test agent. table 3, Panel D, lists all agents and assays that are linked to thalidomide as a test agent. Source data may be found in tables 1 and 2 of reference 1 (assay numbers 1-5, and 33), and figure 2A of reference 2 (assay number 6).
DISCUSSION
Our effort centers upon developing common data models for the storing and retrieving of data in biology and medicine. In addition to the current data model, we have proposed a data model for a Molecular Diagnostics Laboratory Information System intended for the clinical use (13) . It is particularly important that these databases support queries based on the biological or medical context in which an experiment occurs. The undertaking of this type of data modeling is necessary if the concepts of intelligent agents, distributed collaboration, data mining and a shared intelligence (14, 15) are to be applied to practice.
If widely implemented, a database like the one proposed above would have many advantages in generating new biological knowledge. First, comprehensive queries are rapidly displayed and more easily interpreted. Secondly, networks of control and regulatory pathways can begin to be investigated. It is increasingly recognized that the next phase of biological advances will involve the exploration of complicated networks of biological control (16) . Once a critical mass of data has been entered it will be potentially possible to search for physiologically relevant pathways, and produce biologically relevant hypothesis for further experimental study. Finally, such an approach to data management would reduce redundant experimentation, and allow researchers with conflicting data to be aware of these results earlier. However, the development of shared data models, such as the one outlined above, is an absolute prerequisite before this level of enterprise informatics can occur.
Many difficulties associated with the development of an electronic database repository will need to be addressed. Several of these issues are outlined below:
1. Lack of standard data models and a formal syntax for the description of experimental data. Perhaps, the greatest challenge and opportunity in the field of bioinformatics is to design data models and logical notations that will support the future generation of knowledge. The data model proposed here and its notation (e.g. agent, test agent, control agent) represent one approach to some of these issues. These concepts can be extended. Some users may wish to use transfected genes as agents that modify the test cell population's target gene expression. For example, does the transfection of epidermal growth factor into fibroblasts increase cellular c-myc expression? The current database contains tables to support this particular possibility (figure 2).
While these tables have not been fully implemented, they represent an explicit example of one way the database might be upgraded. However, no data model is entirely inclusive in that it can capture every type of data generated by an experimenter. There always will remain a need for the data to be annotated through the use of memo fields, and for links to be established to journal like entities.
2. Peer review: Assuring the entry of high quality data is critical for database success. Database entry would occur in 2 stages. First, the investigator would submit the paper to a participating journal for review, and its associated database would be placed in a provisional CRD database. This review would focus on the scientific merit of the paper. The reviewers would now be able to query and reformat the submitted data directly, as well as search the published database for related information. Once accepted for publication by the journal, the data entered in the provisional database would be transferred to the fully on-line version.
It is important to recognize that the paradigms governing the scale of biological research are also changing. Software like the CRD may enable large collaborative groups, using good laboratory practice protocols, to establish high quality databases. These groups may divide along the test agent used (chemokines or IFN) or assay types (protein or mRNA expression). By using a common database the compilation and quality control of such an effort can be improved. Regardless of whether databases are populated by individual submissions or by large group efforts, issues regarding review and quality assurance will be the subjects of considerable future debate.
3. Data entry and presentation: Careful consideration will need to be given to interface design to assure that data can be entered quickly and accurately. If the laboratory were to use a database with similar data structures to the depositories, submission could be largely automated. Conversely, once the data is entered, the development of useful query and presentation formats will be crucial to support end users.
4. Archiving of historical data: Data that has already been generated will not be archived in an electronic database. It is possible that a highly selected subset of such publications may be retrospectively archived. However, this criticism overlooks the fact that the rate of data generation will only increase as biological research continues to advance, inundating the current information infrastructure and rendering it obsolete.
In this report, we have outlined one possible way to advance bioinformatics.
However, the biological community should be given the opportunity to influence the types of databases that need to be developed and supported by collaborative data entry. In an effort to initiate a dialogue, the interested reader is invited to complete a survey associated with the CRD web site. We will publish the results of this survey to help guide the future database design. The interested reader is invited to further participate in the development of this database by visiting the prototype CRD web site. Currently, investigators can deposit their data provided the work has been accepted or published by a peer-reviewed journal.
